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Introduction
Förster resonance energy transfer (or fluorescence resonance energy transfer, FRET) is an energy transfer mechanism occurring between an excited donor and a ground state acceptor fluorophore through non-radiative dipole-dipole interactions [1, 2] . The efficiency of the FRET process depends on the distance between the donor and acceptor units, on their alignment, on the spectral overlap between the donor emission and the acceptor absorbance and on the fluorescence quantum yield of the donor, thereby providing versatile ways of FRET modulation [3] . FRET is widely used in fluorescence sensing and imaging, utilizing the inherent advantage of ratiometric measurements [4] [5] [6] . FRET-related techniques are particularly important in biomedical research, exploiting that FRET is sensitive in the 1-10 nm distance range that matches the dimensions of proteins, polynucleotides, or the thickness of cell membranes [7] [8] [9] . FRET is also popular in the design of chemical sensors, in which the modulation of FRET is achieved by a chemical reaction: the analyte binds covalently or coordinatively to the sensor, induces the splitting of a chemical bond in their donor/acceptor units or induces the cleavage of the donoracceptor bond [10, 11] .
In principle, FRET can also be modulated by supramolecular interactions, in the presence of a macrocyclic host that forms an inclusion complex with the FRET sensor. Stimuli-responsiveness, i.
e. photoresponsive supramolecular systems are widely studied [12, 13] , especially in the case of interlocked structures [14] [15] [16] . A few studies have been published on the effect of cyclodextrins on the fluorescence behavior of FRET dyads in aqueous solutions [17, 18] , however the modulation of FRET in covalently linked donor-acceptor pairs by supramolecular interactions is virtually unexplored. In the present work we studied this effect on the example of a complex formed by a stilbazolium dyad (G) and a pillararene macrocycle. Since the fluorophore components of G are strongly solvatochromic, this could be exploited to modulate the overall FRET process by the changes in optical properties upon interaction with a macrocyclic host. To our knowledge, neither FRET systems containing stilbazolium fluorophores was compiled previously nor the modulation of the intramolecular FRET process was attained by the complexation of a FRET dyad by a pillararene. It was hoped that the results on such a model system can be helpful in the application of solvatochromic FRET-based sensors in complex matrices of biological origin. [19] , they have soon become one of the most popular targets in host-guest chemical studies [20] [21] [22] [23] [24] [25] [26] [27] . Especially, the discovery of water soluble derivatives (WPns) have further extended their applications in various biological systems. Mostly ionic (carboxylato [28] [29] [30] , ammonium [31, 32] , imidazolium [33] ) pillararenes, in particular carboxylato-Pns have been used in binding studies performed in aqueous medium. Carboxylato-pillar [5] arene (WP5), first synthesized by Ogoshi in 2010 [28] is an ideal host for ammonium-containing and electron-deficient guests [34] [35] [36] . It is worth mentioning that only a few papers describe the complexation of fluorescent guests by WP5 [37, 38] and the observation of FRET on sophisticated supramolecular systems containing pillararenes was reported only in two recent articles [39, 40] . Recently, we described the complexation of WP5 with three stilbazolium dyes, of which 4-dimethylaminostyryl-N-methylpyridinium iodide (DAST) produced a colorimetric response and a large fluorescence enhancement upon binding to WP5 [41] . In the present paper, we report the complexation of two simple pyridinium dyes (A, D) and their covalently linked, FRET-capable derivative (G), with WP5 (Fig. 1 ). [42] [43] [44] . In order to efficiently link these fluorophores, we turned to click chemistry 6 which is often used to yield FRET-capable dyads [45] [46] [47] [48] . The covalently linked ditopic compound was therefore achieved by the click reaction of the O-propargyl-analogue of D (4) and the azidecontaining analogue of A (2) and fully characterized by NMR and HRMS measurements (Fig. 2) .
Results and discussion
The starting materials 2 and 4 were prepared in the same manner as D and A, namely by the Knoevenagel condensation of the corresponding benzaldehydes 1 and 3, respectively, in ethanol or methanol using piperidine as catalyst. turn off in case of D, turn on in the cases of DAST [41] and A (see Table 1 for spectroscopic details). The relatively weak fluorescence of uncomplexed A can be explained with its deactivation via a low energy twisted intramolecular charge transfer state [49, 50] calculated from the fluorescence quantum yields in Table 1 ,  FRET = 96 % for the free FRET-pair, and increases to 100 % in the complex. for the acceptor excitation.
The variation of the absorption spectrum of G (Fig. 8a) (Fig. 8d) is consistent with this reaction scheme (Scheme 1).
Fig. 9 1 H-NMR of (a) WP5 in DMSO-d 6 -D 2 O 1:1 (3 mM) (b) G+WP5 in DMSO-d 6 -D 2 O 1:1 (3 mM) at 340 K (c) G in DMSO-d 6 -D 2 O 1:1 (3 mM) (d) G in DMSO-d 6 with the assigned protons. The arrows indicate the mainly unchanged proton signals (located at the black parts of the molecule), the red ovals the disappearing proton signals (located at the red part of the molecule)
The structure of the complex or complexes in the G•WP5 mixtures was studied with unaffected. These qualitative informations allow to assume that the guest can penetrate the macrocycle on both ends followed by threading upon complexation. 
Scheme 1 Proposed model for complexation of G and WP5

Computational study on the complexation
To gain a further insight into the structures of G and its pseudorotaxane-type complex with WP5, theoretical calculations have been carried out (for conformational analyses of rotaxanes see recent articles [53] [54] [55] ).
The minimal-energy geometries of G and WP5 were searched in two steps. First, we employed a molecular mechanical (MM) conformational analysis using the Merck molecular force field (MMFF94). Thereafter, the conformers with energies up to 8 kJ/mol from the lowest energy conformer were optimized using the PM6-D3H4 (parametrized model 6 with dispersion correction) [56] semi-empirical approach. As could be expected, considering the repulsion of the positive charges on the donor and acceptor parts of G, a close-to-linear structure was obtained for the minimum energy conformer (Fig S11a) . The minimum of WP5 was in accordance with its C 5 point group symmetry (Fig. S11b) .
Fig. 10. The energies of the optimized G•WP5 complex structures as a function of the averaged d(N D -O) distance (distance of the pyridinium N of the donor and the carboxylates on the opposite rim of the macrocycle)
To analyze the G•WP5 complex we used the previously optimized geometries of G and WP5 as starting point. We took up 21 initial positions of G along the cavity of WP5, and optimizing the geometries with the PM6-D3H4 method 14 different structures were obtained. As shown in Fig.   10 and Table S1 the most favorable structures of the complex were those in which one of the pyridinium terminal groups of G protrudes in the cavity of WP5, indicating that the complexation is controlled by the Coulomb-interactions. These results are in accord with the NMR measurements. The geometry of the free guest did not change significantly in its WP5 complex (Fig. S11c-e) .
Conclusions
In conclusion, we have examined the interaction of stilbazolium dyes A and D with carboxylatopillar [5] arene WP5. The inclusion complexation resulted in opposite fluorescence responses. The two fluorophores were covalently linked via click chemistry affording a ditopic indicator G. To our knowledge, this is the first stilbazolium-based FRET-capable dyad. In water, the pseudorotaxane formation of GwithWP5 induced strong fluorescence enhancement which was combined with the modulation of the FRET process, that can be rationalized by the efficient interaction of both fluorophores and the pillararene host. We are currently working on the further understanding of this supramolecular system and the potential application in ratiometric sensing.
Materials and methods
General
Solvents, reagents and starting materials were obtained from commercial supplier and used without further purification. D [42] , A [43] , and WP5 [44] were prepared as described before. All the spectroscopic experiments were carried out at 25°C. The UV−vis absorption spectra were To a mixture of4-((2-azidoethyl)(methyl)amino)benzaldehyde [48] (1,330 mg, 1.62 mmol) and Nphenyl--picolinium chloride [59] (222 mg, 1.08 mmol) in 5 ml refluxing ethanol was added a catalytic amount of piperidine. The reaction mixture was refluxed for 2 hours to reach completion then evaporated. The purple residue was crystallized from acetone and washed with acetone and diethyl ether three times to obtain 280 mg (66%) of 2 as purple crystals. 
Synthesis of 4-((4-propargyloxy)styryl)-N-phenylpyridinium iodide (4)
To a mixture of 4-propargyloxybenzaldehyde [60] (3, 700 mg, 4.37 mmol) and N-methyl-4-picolinium iodide (685 mg, 2.91 mmol) in 5 ml refluxing methanol was added a catalytic amount of piperidine. The reaction was refluxed for 2 hours to reach completion then cooled to room temperature and the greenish yellow precipitate was filtered. The crystals were washed with methanol and acetone three times to obtain 881 mg (80%) of 4 as yellow crystals. 
Synthesis of G
